Abstract. Novel highly active, optically-transparent electrode catalyst containing Pt, PtO x , graphene oxide and stacked graphene platelet nanofibers is developed for a cathode of Cu(II/I)-mediated dye-sensitized solar cells. The catalyst layer is deposited on a FTO substrate, which thus becomes smoother than the parent FTO, but the button-like Pt/PtO x nanoparticles are still distinguishable. The found electrocatalytic activity for the Cu(tmby) 2 2+/+ redox couple (tmby is 4,4',6,6'-tetramethyl-2,2'-bipyridine) is outperforming that of alternative catalysts, such as PEDOT or platinum. Exchange current densities exceeding 20 mA/cm 2 are provided exclusively by our novel catalyst. The synergic boosting of electrocatalytic activity is seen, if we normalize it to the catalytic performance of individual components, i.e. Pt and graphene nanofibers. The outstanding properties of our cathode are reflected by the performance of the corresponding solar cells using the Y123-sensitized titania photoanode.
Introduction
The dye sensitized solar cell (DSC) is popular for high efficiency, low-cost, and amazing versatility of its construction [1] [2] [3] . Current progress in DSCs is highlighted by replacement of the traditional redox mediator (i.e. I 3 -/I -) with other high-voltage redox couples such as Co(III/II) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] or Cu(II/I) complexes [15] [16] [17] [18] [19] [20] which provide larger open-circuit voltage, V OC , of solar cells. The Co(III/II) redox couples showed fast charge-transfer at graphene electrodes [9] [10] [11] [12] [13] [14] . This finding was behind all the recent efficiency benchmarks of DSCs:
12% [6] , 13% [7] up to the current record (14.3%) [8] .
There has been a quite conflicting debate about the electrocatalytic activity of carbons [9, [21] [22] [23] , but Roy-Mayhew et al. [24] demonstrated recently that the activity of graphene for the Co(III/II) redox couple comes actually from the presence of lattice defects (dangling bonds at lattice vacancies and edges), rather than from oxygen-containing surface groups, as it was hypothesized by others. The cited work reported on 250-times greater electrocatalytic activity (referenced to that of HOPG being a surrogate of perfect graphene) for low-oxygen graphene but rich with such defects [24] .
Other redox system, offering even larger V OC values are based on tetra-coordinated Cu(II/I) complexes with distorted tetragonal symmetry [15] [16] [17] [18] [19] [20] . The solar conversion efficiency of Cu-mediated DSCs at AM 1.5 (1 sun) illumination intensity has developed from the initial value of 1.4% [25] to 7% [26] , 8.3% [18] , 10.3% [16, 17] up to the recent record of 11.3% (achieved by using a combination of two judiciously designed dyes) [20] .
The largest efficiencies were observed for Cu(tmby) 2 2+/+ (TFSI) 2/1 where tmby is 4,4',6,6'-tetramethyl-2,2'-bipyridine, and TFSI is bis(trifluoromethylsufonyl)imide [16, 20] . Similar efficiencies were observed for an analogous complex with 6,6'-dimethyl-2,2'-bipyridine and BF 4 -counterion [17] . Still larger efficiency (13.2 %) was reported for the champion (twodyes) DSC, but at smaller light intensity (0.12 sun illumination) [20] . The mentioned Cucomplexes have highly positive redox potentials, but still work surprisingly well with the Y123 dye (Fig. S1 Supp. Info) illustrating the fundamentally interesting fact that the driving force for dye regeneration can be as small as 0.1 eV in DSCs [16] .
These Cu complexes were reported to show sluggish electrochemistry on certain noble metals, oxides and carbon black, unless the latter was platinized [26] . Earlier works on Cumediated DSCs employed Pt-coated FTO as the cathode (FTO is F-doped SnO 2 ). The Ptcatalyst was fabricated by the traditional synthetic protocol based on thermal decomposition of H 2 PtCl 6 [27] , by sputtering [25] or by ALD deposition of platinum inverse opal, the latter being considerably more active than the flat Pt electrode [27, 28] . The most popular cathode catalyst was poly (3,4-ethylenedioxythiophene) , PEDOT [15, 16, 18, 19] which provided the best performing DSCs so far [16, 20] . Recently, high-efficiency DSC (10.3 %)
was also reported using a commercial Pt-counterelectrode [17] .
The use of graphene as the cathode catalyst for Cu(II/I)-based redox mediators was first explored by ourselves in [15] . Here, we have chosen the so called "stacked graphene platelet nanofiber" (SGNF) from ABCR/Strem which turned out to be the top-performing catalyst also for various other Co-based mediators [7, 14, 29] . The charge-transfer resistances measured by electrochemical impedance spectroscopy were regularly better for the SGNF-coated FTO, compared to those of the Pt-coated FTO, but did not beat the values for PEDOT-coated FTO [15] . Furthermore, the adhesion of SGNF or other graphene-based catalysts to FTO is known to be poor [9] [10] [11] [12] 14, 23] which is another handicap against PEDOT or Pt. The adhesion problem can be minimized by using a composite of graphenebased catalyst with graphene oxide instead of pure catalyst [10, 14, 15] . In this case, the graphene oxide acts as 'mortar' connecting the nanoparticles mutually and with the FTO substrate. The optimized material (called GONF80) was composed from 80 wt% of graphene platelet nanofibers and 20 wt% of graphene oxide; it turned out to be highly active for both the Co-based [14] and Cu-based [15] mediators.
In a search for still better catalyst, we have been inspired by the work of Cheng et al.
[30] reporting a 'double-layer' cathode catalyst for the traditional I-mediated DSC. In this work [30] the few-layers graphene (made by CVD) was transferred to FTO and subsequently over-coated by Pt grown by sputtering. An alternative (and actually the better-performing architecture) was the reverse one: FTO was first coated by Pt and then by graphene [30] .
Here, we have employed the same idea, but simplified the deposition protocol: Pt was made by thermal decomposition of H 2 PtCl 6 and the graphene-based counterpart was GONF80 
Experimental Section

Chemicals
The Cu(tmby) 2 TFSI 2/1 complexes were available from our earlier work [16] . Briefly, the Inc. It was dispersed in water by sonication to a concentration of 1 mg/mL. The precursor for composite electrodes was prepared by mixing the SGNF dispersion with GO solution to a desired proportion of both components. The optimum concentration was 80 wt% of SGNF and 20 wt% of GO; this electrode is abbreviated GONF80 [14, 15] . The graphene films on FTO were deposited from aqueous solutions either by drop-casting or by air-brush spraying.
The amount of deposited carbon was quantified by measurement of optical density. Consistent with our previous works [11, 12, 14, 35] , the optical transmittance at a wavelength of 550 nm, T 550 served as a parameter characterizing the films. The final graphene-based films on were determined by Surface Roughness Analysis software Nanoscope III version 5.12r5
(Bruker).
X-ray photoelectron spectroscopy (XPS) was studied using Omicron Nanotechnology instrument equipped with a monochromatized AlKα source (1486.7 eV) and a hemispherical analyzer operating in constant analyzer energy mode with a multichannel detector. The
CasaXPS program was used for spectra analysis.
Electrochemical measurements were carried out using Autolab PGstat-30 equipped with the FRA module (Ecochemie). Electrochemical impedance data were processed using Zplot/Zview software. The impedance spectra were acquired in the frequency range from 100 kHz to 0.1 Hz, at 0 V bias voltage, the modulation amplitude was 10 mV. Experiments on dye-sensitized solar cells were carried out as in our earlier work [15, 16] . Briefly, FTO- 
Results and Discussion
Our initial screening of various preparative protocols confirmed that the FTO/Pt/graphene catalyst was outperforming the alternative one with the opposite order of layers, i.e.
FTO/graphene/Pt; this finding is consistent with the work of Cheng et al. [30] . Our optimized catalysts were made by using FTO with thermally deposited Pt as the parent substrate. This was subsequently over-coated with either pure SGNF (the catalyst is further abbreviated PtNF) or with a mixture of 80% of SGNF+20% of graphene oxide (further abbreviated PtGONF). While the PtNF catalyst was mechanically unstable (with easy delamination of SGNF particles from the substrate) the PtGONF was wear-resistant, in accord with earlier works on the graphene/graphene-oxide composites [10, 14, 15] . indicate naked location of FTO grainy surface with dispersed Pt nanoparticles at the parent Pt@FTO surface (Fig. S4A) , while areas covered by graphene-based composite show substantial smoothness with still visible Pt nanoparticles ( Fig. 1C and S4B ).
Wide scans X-ray photoelectron spectra (XPS) are shown in The final Pt/graphene composite catalyst (PtGONF) shows similar multicomponent features of PtO x , and a specific C1s signal at 286.4 eV which is ascribed to C-O species of graphene oxide (arrow in Fig. 3 ). Very similar spectra were reported also for alternatively made catalyst of this kind, in which a mixture of H 2 PtCl 6 and GO was sprayed from ethanolic solution on FTO [33] . A small C1s peak with larger binding energy was occasionally observed in blank FTO as well [36] .
The electrocatalytic activity of DSCs' cathodes and mass transport in the electrolyte solution was studied using symmetrical dummy cells [9] , in which the electrolyte solution with Cu(tmby) 2 2+/+ was sandwiched between two identical FTO-supported catalytic electrodes. Figure 4 presents cyclic voltammograms (left charts) and electrochemical impedance spectra (EIS, right charts) of these cells. The spectra were fitted to the equivalent circuit, model 1, Figure S6 (Supporting Info) of symmetrical dummy cells. Our data upgrade those in our earlier work, in which we had presented the spectra of simple catalysts, Pt, SGNF, PEDOT and GONF80 [15] .
The inverse slope of cyclic voltammogram at the potential of 0 V characterizes the catalytic activity of an electrode; it is actually the overall cell resistance (R CV ) that can be attained at low current densities [11] . The found R CV (Fig. 4) (Fig. 4) . The limiting diffusion currents, j L are poorly distinguished in Fig. 4 , but comparable (≈30 mA/cm 2 ) though they are also dependent on the dummy cell spacing (δ): More detailed information about the electrocatalytic activity and mass transport in symmetrical dummy cell follows from EIS. The spectra were fitted to the model 1 equivalent circuit ( Figure S6 , Supporting Info) [15] . This model provided reasonably accurate fitting (Fig. 4, Table 1 ), though another more complicated circuit with two time-constants (model 2, Fig. S6 ) was recommended for analogous GONF80 electrodes (but Pt-free) [10, 14, 15] .
Surprisingly, the spectrum of our still more complicated material (i.e. the triple-component catalyst, PtGONF) could be reasonably fitted to the simple model 1, and the same applies also for the PtNF catalyst (Fig. 4) . In all cases, the catalytic activity is evaluated from the highfrequency part of the spectrum by a charge transfer resistance, R CT , which is in series to the constant phase elements (CPE). The error of fitting of R CT values was ca. 6 % (PtGONF) and 12 % (PtNF). The use of CPE is necessary, due to the deviation from the ideal capacitance by the electrode inhomogeneity (roughness) [9] . The impedance of constant phase element equals:
where ω is the frequency and B, β are the frequency-independent parameters of the CPE (0≤ β ≤1; the corresponding parameters are 'CPE-T'= B and 'CPE-P = β).
The charge transfer at the counterelectrode can be alternatively evaluated from the high-frequency part of impedance spectra of complete DSC devices in dark at high applied forward bias (near V oc ) when the transport resistance in TiO 2 becomes negligible [1, 2, 14] . 
R is the gas constant, T is temperature, k 0 is the formal (conditional) rate constant of the electrode reaction, c ox and c red are the concentrations of oxidized and reduced mediator, respectively and α is the charge-transfer coefficient (α ≈ 0.5). In good DSCs, the value of j 0 should be comparable to the short-circuit photocurrent density at 1 sun illumination. We note that our R CT found for PtGONF electrode (0.8 -1.1 Ω•cm 2 ) is the best value among all other comparable ones for the Cu-mediated DSCs [15] . It translates (Eq. 4) into the exchange current of 23 to 32 mA/cm 2 , which is well above the short-circuit current densities observed in our practical DSCs (Table 2 , Fig. 6 ). Consequently, the charge-transfer rate at the counterelectrode is fast enough to support unperturbed function of our DSCs.
Our optimized catalyst (PtGONF) provides not only the impressive value of j 0 exceeding 20 mA/cm 2 , but also the best value of serial resistance, R s . Though it is tempting to ascribe this positive effect to the conductivity enhancement by graphene overlayer, the R s values are in general poorly defined, and depend on various other experimental parameters such as on the quality of soldered contacts to FTO. Another fundamentally interesting observation is the synergic quality improvement of PtGONF, referenced to that of the corresponding individual catalytic components, i.e. pure SGNF and Pt (Table 1) . For instance the j 0 values are boosted by a factor of about 3 (normalized to SGNF) or 8 (normalized to Pt).
The low-frequency parts of the impedance spectra of both symmetrical cells and DSCs are dominated by the Warburg impedance. It is modelled by a finite-length element W s with the parameters 'W s -R'=R W , 'W s -T'=T W and 'Ws-P' = 0.5 [40, 41] . The finite length
Warburg diffusion impedance is expressed as:
The fitted values of symmetrical cells are collected in Table 1 . The found diffusion resistances are all near 20 Ω•cm 2 , which compare well to previously reported ones [15] . Obviously, the ionic transport in electrolyte solution should not be dependent on the electrode material, unless the latter is highly porous. Actually, the main complicating factor is the presence of tert-butylpyridine, which has a strong negative influence on both R w and R CT . This problem still remains to be solved [15] .
Finally, we tested our newly prepared counterelectrode catalyst (PtGONF) in dyesensitized solar cells. Figure 6 presents example IV-curves for the Cu(tmby) 2 2+/+ -mediator in acetonitrile solution. For comparison, we tested also a control device with the parent Pt@FTO counterelectrode. Figure S8 (Supporting Info) confirms that this electrode exhibits quite poor activity for the Cu(II/I)-redox mediator. This observation is interesting in view of the fact that the Pt@FTO is known to be highly active for alternative redox mediators (I-based and Cobased). The Cu(II/I)-couple is, indeed known to be quite sluggish on platinum, unless it is prepared in high-surface-area nanotexture (inverse opal) [27, 28] . (Note that certain commercial Pt-electrodes can be reasonably active too [17] ). [10, 11] ).
The most promising performance data were observed for DSC with PtGONF cathode at 0.1 sun illumination. The efficiency of 11.3 % is the highest value ever reported for such experimental conditions, i.e. for the Y123 dye and 0.1 sun illumination [16] . Furthermore, the IV characteristic is close to perfection with fill factor of 0.783 (Fig. 6 ). This fill factor (Table 2 ) is very high not only among our set of data (Table 2 ) but also among all other so far reported best values for the Cu-mediated DSCs (0.78-0.79) [15, 16, 20] . 
Conclusions
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at …. 
